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EXPERIMENT& E3T%CTS OF PROPELLANT-INTRODUCTION MODE 

ON E~CTRON-BOMBARDJKENT I O N  ROCKET PERFORMANCE 

by Paul D. Reader 

Lewis Research Center 

SUMMARY 

An investigation was undertaken to determine the effects of propellant- 
introduction mode on the ion-chamber and accelerator-system performance of 
electron-bombardment ion rockets. The location of the propellant-inlet aper- 
tures in the walls of the ion chamber were varied in an attempt to obtain a 
more uniform ion-current-density profile at the screen grid, as well as an 
improved ionization efficiency. Several 10- and 20-centimeter-diameter ion 
sources were used to verify the trends encountered experimentally over a range 
of thrustor geometries. 

Introduction of propellant vapor near the accelerator system and at the 
periphery of the cylindrical ion chamber resulted in both lower discharge power 
losses and more uniform accelerator erosion when compared with a conventional 
through-flow propellant-introduction mode. The more uniform accelerator ero- 
sion that resulted from the peripheral-feed mode could extend the life of the 
accelerator system by as much as a factor of four. 

INTRODUCTION 

Research on electron-bombardment ion rockets of the type shown in figure 1 
has resulted in a simple, reliable, and efficient unit. As shown in refer- 
ence 1, the power loss associated with the magnetic field used to contain the 
discharge can be eliminated through the use of permanent-magnet circuits. The 
accelerator impingement has been reduced to a value near the level predicted 
by charge-exchange calculations (ref. 2). Several investigators have reported 
excellent progress in increasing the durability of the cathode (refs. 3 to 5). 
Further improvements in efficiency and durability appear possible, however, 
and would have significant effects on the ultimate mission capability of the 
thrustor. In an attempt to reduce ion-chamber power losses and electrode 
erosion, an investigation was undertaken to determine the effects of the mode 
of propellant injection on ion-chamber performance. 

Beam-current-density measurements and accelerator-erosion patterns for the 
thrustor of figure 1 indicated that the center area, near the axis, contributes 



r Steam-jacketed \ ! vaporizer 

Figure 1. - Cutaway view of typical 20-centimeter-diameter electron-bombardment thrustor. 

t h r u s t o r  of f i g u r e  1 indica ted  t h a t  the center  area, near t h e  axis, contr ibutes  
a major percentage of t h e  total ion beam (ref. 6).  This f a c t  i s  not unexpected 
i n  view of t h e  c e n t r a l l y  loca ted  fi lament and t h e  r e su l t i ng  r a d i a l  d i s t r ibu t ion  
of high-velocity ion iz ing  electrons.  If a uniform ion-current p r o f i l e  could be 
obtained a t  t h e  screen gr id ,  t h e  r e s u l t i n g  uniform acce lera tor  erosion would 
allow t h e  usefu l  l i f e  of t h e  acce lera tor  g r i d  system to be increased by a 
f a c t o r  of about four. Conversely, i f  t h e  i n i t i a l  durat ion w a s  adequate, a 
uniform current  p r o f i l e  would allow t h e  current  dens i ty  to be about doubled f o r  
t h e  given acce lera tor  l i f e t ime  (ref. 2 ) .  

There are two poss ib le  methods of producing a more uniform ion-current 
prof i le .  The first i s  to use several cathodes d i s t r i b u t e d  around t h e  ion 
chamber; t h i s  method would be both mechanically and e l e c t r i c a l l y  complex. The 
second method i s  t o  o f f s e t  t h e  lower dens i ty  of ion iz ing  e lec t rons  near  t h e  
anode by introducing t h e  propel lan t  a t  t h i s  loca t ion ,  which would thereby tend 
to produce a more uniform ion  dens i ty  a t  t h e  plane of t h e  acce lera tor  system. 
The second method w a s  followed i n  t h e  present  invest igat ion.  
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A number of propel lant- injector  designs w e r e  incorporated i n t o  several 
10- and 20-centimeter-diameter electron-bombardment ion sources of otherwise 
conventional design. 
aper tures  i n  t h e  w a l l s  of t h e  chamber were var ied i n  an attempt t o  minimize 
ion-chamber power losses .  Discharge power l o s s e s  and acce lera tor  electrode- 
erosion pa t t e rns  were measured f o r  these  propel lant- introduct ion modes,and t h e  
results are compared with those  f o r  previously conceived through-feed designs. 

The loca t ion  and the shape of t h e  propel lant- introduct ion 

Thrustors 

A cutaway v i e w  of a t y p i c a l  electron-bombardment ion  rocket  i s  shown i n  
f i g u r e  1. The propel lan t  flow rate is  cont ro l led  by a ca l ib ra t ed  o r i f i c e  be- 
tween t h e  vaporizer and t h e  flow d is t r ibu tor .  ATter leaving t h e  d i s t r i b u t o r ,  
t h e  flow enters  t h e  ion chamber, where t h e  propel lan t  is  bombarded with elec- 
t rons  from t h e  cathode. The solenoidal  windings surrounding t h e  ion  chamber 
provide an approximately axial magnetic f i e l d ,  which increases  t h e  probabi l i ty  
of e lectron-propel lant  co l l i s ions  by preventing t h e  rap id  escape of e lec t rons  
t o  t h e  anode. Escape of e lec t rons  t o  t h e  ends of t h e  chamber i s  prevented by 
operating these  ends a t  t h e  same po ten t i a l  as t h e  cathode. Some of t h e  pro- 
p e l l a n t  i s  ionized by t h e  bombarding electrons,  and some of t hese  ions a r r i v e  
a t  t h e  screen and are accelerated t o  produce an ion beam. A neu t r a l i ze r  (not  
shown i n  f ig .  1) then current  and charge neut ra l izes  t h e  ion beam. 

The acce lera t ing  g r ids  are match-dril led molybdenum plates .  The remainder 
of t h e  thrus tor ,  with t h e  exception of t h e  fi lament,  insu la tors ,  and f i e l d  
windings, w a s  fabr ica ted  of nonmagnetic stainless s teel .  

An attempt w a s  made throughout t h e  inves t iga t ion  t o  maintain th rus to r  
operation a t  a p rope l l an t -u t i l i za t ion  e f f ic iency  of 80 percent. 
cont ro l  tolerances on t h e  propel lan t  vaporizer r e su l t ed  i n  unce r t a in t i e s  i n  t h e  
flow rate of a5 percent. These flow-variation tolerances appear as a spread i n  
t h e  da t a  when the curves are cross-plotted.  Most of t h i s  spread i s  w e l l  within 
t h e  +5-percent flow variat ion.  

Temperature- 

Figure 2 shows cutaway sketches of a 10-centimeter-diameter t h r u s t o r  spe- 
c i f i c a l l y  designed f o r  propellant-feed s tudies  with t h e  following modifica- 
t ions :  conventional through feed ( f ig .  E'(.)), c ross  feed ( f ig .  2 (b ) ) ,  angle 
feed, nominally 45O against  t h e  ion-beam flow (fig. 2( c)  ) , and t h e  f i n a l  con- 
f igura t ion ,  reverse feed ( f ig .  2 (d) ). 

No s ign i f i can t  attempt w a s  made t o  optimize t h e  geometric parameters 
(o the r  than t h e  mode of propel lant  i n j ec t ion )  of t h e  t h r u s t o r  designed f o r  
these  tests. "he through-feed d a t a  w e r e  used as t h e  performance baseline.  

Two addi t iona l  t h rus to r s  w e r e  employed i n  the  program t o  ve r i fy  t h e  re- 
sults of t h e  tes t s  on t h e  u n i t  shown i n  f i g u r e  2. One of t hese  th rus to r s  w a s  
10 centimeters i n  diameter (as w a s  t h e  t h r u s t o r  shown i n  f ig .  2 ) ,  and t h e  o ther  
w a s  20 centimeters i n  d ime te r .  A cutaway v i e w  of t h e  second 10-centimeter 
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(a1 Through feed. (bl Side feed. 

Figure 3. - Cutaway view of second 10-centimeter-diameter th rus tor  showing conversion to side feed. 

thrustor is shown in figure 3(a) in the through-feed configuration, with the 
modifications made to convert to a "side-feed" mode shown in figure 3(b). (The 
modified cross-feed system used on the second 10- and on the 20-centimeter- 
diameter thrustors will be referred to as "side feed" because the propellant is 
simply introduced through holes in the anode.) 

The 20-centimeter-diameter thrustor was used to determine the effects of 
changing the size of the chamber and the feed system on ion-chamber perfor- 
mance. 

The 20-centimeter-diameter thrustor is shown in figure 1 (p. 2), and the 
modifications to convert it from through to side feed are shown in figure 4. 

Electrical System 

The power-supply and metering system used during these tests is shown in 
schematic form in figure 5. The power supplies had ratings sufficiently high 
that all data taken were obtained with the same power supplies. 

Facility 

The installation of a thrustor in one of the 5-foot-diameter, 16-foot-long 
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vacuum tanks a t  t h e  NASA Lewis Research Center is shown i n  f igu re  6. 
has four  32-inch o i l -d i f fus ion  pumps feeding i n t o  a common e j ec to r  pump, f o l -  
lowed by a mechanical pump. 
t h e  pumps, t h rus to r  operation w a s  possible  a t  pressures  of approximately 10-6 
mill imeter  of mercury. 

The tank 

With cryogenic pumping used i n  conjunction with 

DISCUSSION OF RESULTS 

The most common method of comparing t h e  performance of severa l  electron- 
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Figure 5. - W i r i n g  diagram of electron-bombardment ion rocket. 
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bombardment ion sources is  t o  deter-  
mine t h e  discharge energy required t o  
produce a beam ion. I n  t h e  source 
being considered t h i s  term i s  found by 
multiplying t h e  discharge po ten t i a l  
(ion-chamber po ten t i a l  difference)  by 
t h e  difference i n  the  discharge (anode) 
and beam currents. The energy loss i n  
e lectron vo l t s  per ion i s  then deter-  
mined by dividing t h e  power term men- 
t ioned previously by the  beam current. 
The beam current  i s  subtracted from 
t h e  anode current  t o  account f o r  t h e  
low-energy secondary electrons l i b e r -  
a ted  i n  t h e  ion iza t ion  process. 

This energy-loss term w i l l  be 
used t o  compare t h e  performance of 
severa l  t h rus to r s  over ranges of elec- 
t r i c a l  parameters with d i f f e ren t  
propel lan t -d is t r ibu t ion  systems. 

--- C. 

Figure 6. - Vacuum facility wi th  th rus to r  installation. 
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Comparison of Propellant-Introduction Directions 

For a through-feed system t h e  propel lan t  en te r s  through a d i s t r i b u t o r  at  
one end of t h e  c y l i n d r i c a l  ion  chamber and leaves (mostly as ions)  through t h e  
screen and t h e  acce le ra to r  g r i d s  a t  t h e  o t h e r  end ( f igs .  1, p. 2, and 2 ( a ) ,  
p. 4). Since t h e  acce le ra to r  system f o r  t h e  present  study has a 50-percent- 
open area,  t h e r e  is a p robab i l i t y  that some of t h e  n e u t r a l  p rope l lan t  flow can 
pass d i r e c t l y  through t h e  chamber without s t r i k i n g  t h e  chamber w a l l s  (ref. 7). 
The f a c t  t h a t  p rope l l an t -u t i l i za t ion  e f f i c i e n c i e s  i n  t h e  range of 90 to 95 per- 
cen t  can be obtained (by using s u f f i c i e n t  discharge power) with t h e  through- 
feed system ind ica t e s  t h a t  t h e  t r a n s i t  time across t h e  ion  chamber is  s u f f i -  
c i e n t l y  long to allow at  l e a s t  some of t hese  "one-pass'' atoms t o  become ion- 
ized. 

Previous tests conducted with modifications of t h e  through-feed 
propellant-feed method have shown moderate ion-chamber-performance va r i a t ions  
with changes i n  t h e  configuration of t h e  d i s t r i b u t o r  ( re f .  8). 
propel lan t  a t  t h e  screen i n  a d i r ec t ion  nominally opposite t h e  beam ion  flow 
should cause t h e  average mercury atom to make a t  l e a s t  one more pass along t h e  
l eng th  of t h e  chamber, which would e f f e c t i v e l y  reduce t h e  percentage of atoms 
t h a t  could escape d i r e c t l y  without s t r i k i n g  t h e  chamber walls. 

a Introducing t h e  

In t roduct ion  of t h e  propel lan t  at t h e  periphery of t h e  chamber i n  t h e  
v i c i n i t y  of t h e  screen g r i d  should a l s o  tend t o  promote t h e  r ap id  ex t r ac t ion  of 
t h e  ions t h a t  a r e  formed i n  t h e  region of high propel lan t  density near t h e  
propellant-introduction apertures. As previously mentioned, t h e  a rea  of t h e  
g r i d  system near t h e  anode is  r e l a t i v e l y  l i g h t l y  loaded (lower cur ren t  dens i ty )  
with t h e  through-feed flow mode. 

Similarly,  i f  t h e  d i r ec t ion  of flow can be made approximately radial, t h e  
mean propellant-atom residence time i n  t h e  chamber might increase  before t h e  
random r e f l e c t i n g  and s c a t t e r i n g  processes cause it t o  pass out of t h e  chamber 

' Thrustlor modification 
o Through feed 
0 Cross feed 
0 Angle feed 
a Reverse feed 

N C  

Ion-chamber potential difference, AVI, v 

Figure 7. - Ion-chamber performance of 10-centi- 
meterdiameter th rus tor  w i th  several propellant- 
introduction modes. Net accelerating potential, 
4000 volts; magnetic-field strength at screen, 
33 gauss; accelerator potential, -MOOvolts; 
beam current,  0.125 ampere. 

through t h e  screen. The d i s t r i b u t i o n  
modes shown i n  f igu res  2(b)  ( e )  and 
(a) (p. 4 )  were f ab r i ca t ed  to i n v e s t i -  
ga t e  t h e s e  concepts of propel lan t  in jec-  
t ion .  

Figure 7 i s  a performance comparison 
of t h e  f o u r  propellant-feed methods shown 
i n  f i g u r e  2 (p. 4) .  The energy d i s s i -  
pated i n  t h e  discharge per  beam ion  i s  
p lo t t ed  aga ins t  t h e  ion-chamber p o t e n t i a l  
difference.  The beam current from t h e  
10-centimeter-diameter t h r u s t o r  w a s  
0.125 ampere a t  a s p e c i f i c  impulse of 
5000 seconds. The magnetic f i e l d  a t  t h e  
screen w a s  33 gauss. The f i g u r e  shows 
t h a t  t h e  performance of t h e  t h r e e  feed  
systems i n  which t h e  propel lan t  i s  i n t r o -  
duced at or near t h e  screen g r i d  on t h e  
periphery of t h e  chamber is improved when 
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(a) Effect of magnetic-field strength on  energy dissipated in 
ion-chamber discharge. Net accelerating potential, 4000 
volts; ion-chamber potential difference, 40 volts. 

Net accelerating potential, VI, kv 

lb) Effect of net accelerating potential on energy dissipated in  
ion-chamber discharge. Ion-chamber potential difference, 
50 volts; magnetic-field strength at screen, 33 gauss. 

Figure 8. - Ion-chamber performance of 10-centimeter- 
diameter thrustor  wi th  through and cross feed. Ac- 
celerator potential, -MOO volts; beam current ,  0.125 
ampere. 

t he  high-velocity ionizing electrons.  

compared with the  conventional 
through-feed system near the  normal- 
operating point  of 50 v o l t s .  

Figure 8 shows the  performance of 
t he  through-feed system compared with 
t h a t  of the  cross-feed system when 
magnetic-field s t rength  and net accel-  
e r a t ing  po ten t i a l  were var ied.  The 
performance of t he  angle- and the  
reverse-feed systems w a s  near enough 
t o  t he  performance of t he  cross-feed 
system t h a t  inclusion of these data  
on the  p l o t  would only have obscured 
the  curve. In  general, the  perfor-  
mance of the  angle- and the reverse-  
feed modes was superior  t o  t h a t  of t he  
cross-feed system. A l l  data  f o r  each 
feed system a r e  included i n  tab les  I 
t o  111. 

The var ia t ion  of discharge losses  
with increasing magnetic-field 
s t rength  i s  shown i n  f igu re  8 ( a ) .  The 
value of f i e l d  s t rength  recorded i s  
t h a t  on the  a x i s  of the  ion chamber a t  
the  screen gr id .  The spec i f i c  impulse 
w a s  5000 seconds and the  beam curren t  
0.125 ampere. The energy d iss ipa ted  
per beam ion drops rap id ly  with the 
increasing magnetic-field s t rength  be- 
cause of the improved containment of 

A t  about 30 gauss, the  decreasing losses  
l e v e l  out, and fu r the r  increases i n  the  f i e l d  s t rength  do not g rea t ly  benef i t  
t he  ionizat ion process. The t rends displayed by both the  through- and the  
cross-feed propellant-introduction modes a r e  similar, but  the  cross-feed mode 
has lower discharge losses  as w e l l  as a more well-defined t r a n s i t i o n  from 
rapid ly  decreasing losses  t o  f a i r l y  constant losses  as the  magnetic-field 
s t rength  increases.  

The influence of t h e  ne t  accelerat ing po ten t i a l  on t h e  energy d iss ipa ted  
i n  t h e  discharge per beam ion is indicated i n  f igu re  8(b).  The beam current  
w a s  0.125 ampere with a discharge poten t iaJ  of 50 vo l t s  and a magnetic-field 
s t r eng th  a t  the  screen of 33 gauss, The drop i n  losses  with increasing ne t  
accelerat ing po ten t i a l  w a s  due t o  t h e  increasing penetrat ion of t h e  e lec t ro-  
s t a t i c  f i e l d  back i n t o  t h e  ion  chamber, which thus aided t h e  ion extract ion 
process. The cross-feed configuration again exhib i t s  superior  ion-chamber per- 
formance over t he  range of ne t  accelerat ing potentials.  

With t h e  magnetic f i e l d  used t o  take t h e  preceding data,  t h e  f i e l d  
s t rength  a t  t h e  screen w a s  approximately 60 percent of t h a t  at  t h e  d i s t r ibu to r .  
This decrease i n  f i e l d  s t rength  toward t h e  screen benef i t s  t he  ion-chamber per- 
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formance (ref. 9). The other thrustors used in the program had about the same 
field-strength ratios. 

An optimum ion-chamber length for a 10-centimeter-diameter, through-feed 
configuration had previously been determined as being about 5 to 10 centimeters 
(ref. 9). A few short runs were made with the cross-feed propellant mode to 
determine the effects of varying the ion-chamber length on this system. The 
performance of the cross-feed system deteriorated slightly (10 percent) in 
going to either 5- or 10-centimeter chamber lengths from a 7.5-centimeter 
length. AS a result of these tests, all data reported herein for 10-centimeter- 
diameter chambers were taken with an ion-chamber length of 7.5 centimeters. 
The length of the 20-centimeter-diameter chamber was maintained at 15 centi- 
meters. 

The performance of the through- and cross-feed systems are compared at a 
higher beam current and, hence, current density in figure 9. The 10-centimeter- 
diameter thrustor, the same used for the data of figures 7 (p. 8) and 8 (p. 9) 

r I I ' Thrus(ar modii ication 
1 m F  t 1 o Through feed - 

Cross feed 

~ 

and shown in figure 2 (p. 4), was operated 
at a beam current of 0.25 ampere. 

The net accelerating potential was 
4000 volts with the accelerator being 
operated at -2000 volts. The magnetic- 
field strength at the screen was 42 gauss. 
The cross-feed propellant-introduction 
mode again shows superior performance. A 
more gradual increase in losses with in- 
creasing ion-chamber potential difference 
is evident. !I'he low-voltage end of each 
curve represents approximately the same 
emission limit of the filament type used 
for these tests and indicates one of the 
benefits derived from decreased ion- 
chamber losses. The more efficient cross- 
feed unit can be operated at ion-chamber 
potential differences 5 volts lower than 
the through-feed unit and can maintain the 
same propellant-utilization efficiency 

80 
Ion-chamber potential difference, 

A'Jp v 

Figure 9. - Ion-chamber performance of 10-centi- 
meter-diameter th rus tor  w i th  th rough and cross 
feed. Beam current,  0.25 ampere; net acceler- 
at ing potential, 4000 volts; accelerator potential, 
-MOO volts; magnetic-field strength at screen, 
42 gauss. 

for the same cathode emission current (about 4 amp). This Performance differ- 
ence may a l l o w  the cross-feed unit to operate in a low range of ion-chamber 
(discharge voltage) potential differences and thus increase cathode durability 
(refs. 3 and 5). 

Performance of Second 10-Centimeter-Diameter Source 

In order to verify the trends displayed in figures 7 (p. 8) and 8 (p. 9) 
for a 10-centimeter-diameter source operating at a 0.125-ampere beam current, a 
second 10-centimeter source was tested. This source is shown in figure 3 
(p. 5) and is very similar to the unit reported in reference 10. The source, 
shown in figure 3(a) in the through-feed propellant-flow configuration, had 
given the best performance of any unit operated in this propellant-feed mode. 
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(a) Effect of ion-chamber potential difference o n  
energy dissipated in ion-chamber discharge. 
Net accelerating potential, 4000 volts; 
magnetic-field strength at  screen, 42gauss. 
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(b) Effect of magnetic-field strength o n  energy dis- 
sipated in ion-chamber discharge. Ion-chamber 
potential difference, 40 volts; net accelerating 
potential, 4000 volts. 

Net accelerating potential, VI, kv 

( c l  Effect of net accelerating potential o n  energy dis- 
sipated in ion-chamber discharge. Ion-chamber 
potential difference, 50 volts; magnetic-field 
strength at screen, 42 gauss. 

Figure 10. - Comparison of ion-chamber perform- 
ance of second IO-centimeter diameter th rus tor  
wi th side- and through-feed propellant flow. 
Accelerator potential, -2 kilovolts; beam c u r -  
rent, 0. 125 ampere; propellant-uti l ization effi- 
ciency, 0.8. 

After data were taken with the though-feed 
system for comparison purposes, the thrustor 
was altered to approximate a modified cross- 
feed configuration as shown in figure 3(b). 

The data obtained with these two feed 
modes are compared in figure 10. The two 
configurations show almost identical quali- 
tative performance with the side-feed unit 
giving consistently better performance. The 
side-feed-system discharge losses show more 
gradual increases with increasing ion- 
chamber potential differences (fig. lO(a)) 
when compared with the through-feed 
propellant-introduction mode. In this case, 
both propellant-introduction modes display 
an increase in energy dissipated in the dis- 
charge as the ion-chamber potential differ- 
ence dropped below about 45 volts. 
increase in energy dissipated in the dis- 
charge with decreasing voltage is considered 
typical with most configurations, presumably 
because of the decreasing ionization cross 
section. This reduction in cross section 
requires higher emission currents to main- 
tain a given propellant-utilization effi- 
ciency. 

Some 

The variation of ion-chamber losses 
with increasing magnetic field shown in fig- 
ure 10(b) is the same as that described in 
connection with the data obtained by using 
the first 10-centimeter-diameter thrustor 
(fig. 8(a), p. 9). The losses drop rapidly 
with field-strength increases to about 
30 gauss and then level off. The side-feed 
propellant-introduction mode has lower 
losses when compared with the through-feed 
mode. 

A comparison of the discharge energy 
losses ;with through- and side-feed propel- 
lant introduction with increasing net accel- 
erating potential is shown in figure 10( c ) . 
The qualitative improvement in ion-chamber 
performance due to the increasing voltage is 

similar for both modes, while the side-feed unit gives lower discharge losses 
at a given voltage level. 

The difference in absolute chamber-performance levels between the first 
(fig. 2, p. 4) and the second (fig. 3, p. 5) 10-centimeter-diameter thrustors 
was primarily due to the optimized magnetic-field configuration of the latter 



I 111111111111111l111111l Ill I I I I I I I1 

r i  1 . 1  1 
Thrustor modification 

8001 0 Throucth feed 4 

400 
30 m 70 

Ion-chamber potential difference, 
AVvp v 

(a) Effect of ion-chamber potential 
difference on energy dissipated 
in ion-chamber discharge. Net 

volts; magnetic-field strength 
at screen, 13 gauss. 

c accelerating potential, 4ooo 
0 

> a 
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W gauss 

(b) Effect of magnetic-field strength 
at screen on  energy dissipated in 
ion-chamber discharge. Net ac- 
celerating potential, 4OOO volts; 
ion -chamber wten t ia l  difference, 

2 4 6 
Net accelerating potential, VI, kv 

(c) Effect of net  accelerating poten- 
t ia l  on energy dissipated in ion-  
chamber discharge. Ion-cham- 
ber potential difference, 50 volts; 
magnetic-field strength at screen, 
13 gauss. 

Figure 11. - lon-chamber perform- 
ance of a s e n t i m e t e r d i a m e t e r  
th rus tor  w i th  th rough-  and side- 
feed propellant introduction. 
Beam cur ren t ,  0.5 ampere, ac- 
celerator potential, -2ooo volts. 

with side feed. 

unit. This optimization had been accomplished in a 
previous program. Figures 7, 8, and 10 demonstrate 
that two thrustors of approximately the same dimen- 
sions but different absolute performance levels 
showed marked decreases in the energy dissipated in 
the ion-chamber discharge per beam ion'when the 
location and the direction of the propellant flow 
into the ion chamber was changed. 

Performance of 20-Centimeter-Diameter Source 

The next series of tests was made with a 
20-centimeter-diameter thrustor with through- and 
side-feed modes to determine the effect of scaling 
the size of the ion chamber. 
a cutaway view of the 20-centimeter-diameter 
thrustor in the through-f eed configuration, and 
figure 4 (p. 6) shows a cutaway view of the side- 
feed unit. 

Figure 1 (p. 2) shows 

The ion-chamber performance of these two 
thrustor modifications is shown in figure 11, where 
the energy dissipated in the ion-chamber discharge 
per beam ion is again compared for variations in 
ion-chamber potential difference, magnetic-field 
strength at the screen, and net accelerating poten- 
tial. 

The beam current was 0.5 ampere, which is the 
same average beam current density obtained with the 
10-centimeter-diameter source at a beam current of 
0.125 ampere. 

The trends encountered with the 10-centimeter- 
diameter thrustors are again displayed in figure 11. 
The side-feed propellant-introduction mode again 
showed superior ion-chamber performance throughout 
the range of electrical parameters investigated. 

The slight upturn in losses shown in fig- 
ure ll(b) for the side-feed mode at magnetic-field 
strengths above 15 gauss is a departure fromthe 
typical level curve. This fact may be due to in- 
creased magnetic restraint of the energetic ionizing 
electrons, which prevents them from reaching the 
region near the periphery of the 20-centimeter- 
diameter thrustor, where high neutral density exists 

Data from the 20-centimeter-diameter thrustor are available in table I11 
to construct a. similar s e t  of curves for both propellant-feed modes at a beam 
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current of 0.75 ampere. 

An improvement in ion-chamber performance, such as that due to side feed, 
can increase either electrical-power efficiency or the propellant-utilization 
efficiency of a thrustor. For most applications, the product of these two 
terms, the overall thrustor efficiency, should be maximized. In reference 10 
the overall thrustor efficiency for the standard 10 centimeter-diameter 
electron-bombardment thrustor is shown to have an optimum at a propellant- 
utilization efficiency of nearly 80 percent for the specific-impulse range in- 
vestigated in this report (4000 to 5000 see). The improved chamber performance 
of the side-feed modes (of the order of 25 percent) would allow a power effi- 
ciency or propellant-utilization efficiency increase of about 2 percent. The 
maximum overall thrustor efficiency would increase by a somewhat smaller per- 
centage. 

Be am- Current-Di s tribut i on Me a surement s 

Beam-current-distribution profiles were taken with both the 10- and the 
20-centimeter-diameter thrustors with side- and through-feed propellant- 
introduction modes. A movable 0.47-centimeter-diameter molybdenum disk 10 cen- 
timeters downstream of the thrustor was used as an impingement-current probe as 
it traversed the beam on the horizontal centerline of the thrustor, 12 centi- 
meters downstream of the accelerator grids. 

The anticipated improvement in uniformity of current distribution with the 
side-feed mode could not be verified with this probe positively because the 
quantitative variations in profile for the two modes were masked by the high 
sensitivity of the profiles to thrustor electrical parameters, 
performance data plots (figs. 7 to 11, pp. 8 to 12), the effect of electrical 
parameters (i.e., discharge potential, magnetic field, and accelerating poten- 
tial) gives ranges in discharge losses at least as large as does the change in 
propellant-introduction modes, In figure 7, for example, the range of dis- 
charge losses with varying ion-chamber potential is 300 to 500 electron volts 
per ion, while the performance of the through- and the cross-feed modes differ 
by less than 200 electron volts per ion. This effect also occurred in the 
beam-current-distribution measurements and obscured the sought-after profile 

As shown on the 

variations due to propellant-introduction 
Thrustor modification mode with large changes due to electrical 

- Through feed parameters. The shapes of current-density 
_ _  Side feed traces taken with the 20-centimeter- 

diameter thrustor are shown in figure 12. 

Although the current-density profiles 
changed significantly with changes in elec- 

2 trical parameters, the variation with dif- 
ferent feed modes was hard to distinguish. 

- Increasing net accelerating potential 
c Increasing magnetic field - Increasing discharge potential 

The electrode impingement current for all 
these traces remained nearly constant for 
each propellant-feed mode, as might be ex- 

Figure 12. - Current-density traces of 20-centimeter-diameter pected if the current was pri- 
thr ustor. marily due to charge-exchange ions. 
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The dis tance from t h e  probe t o  

r \ from 1 2  t o  1.5 centimeters t o  elim- 
the  acce lera tor  g r id  was reduced 

i n a t e  any e f f e c t s  on current  d i s -  
t r i b u t i o n  due t o  beam spread. 
cause of mounting clearances, 
t r a c e s  could be taken only with t h e  
10-cent imet er-diamet e r  t h r u s t  or 
( f ig ,  2, p. 4). A t r a c e  taken with 

/ -  10 cm- =4 t he  through-feed system i s  compared 
with one f o r  the  cross-feed mode i n  Figure 13. - Relative intensity of cu r ren t  density for 10-centimeter- 

diameter thrustor  wi th  through and cross feed. Beam current ,  f igu re  13. The e l e c t r i c a l  param- 
0.15 ampere; specific impulse, 5000 seconds; ion-chamber poten- e t e r s  f o r  both t r aces  were t h e  same 

and a r e  recorded i n  f igu re  13. The tial, 50 volts; magnetic-field strength, 33 gauss. 

small i r r e g u l a r i t i e s  or bumps on 

\ 
/-- \ 

/ '. 
/ 

Be- 
/- '-\ 

\A 

\ Thrustor modification 
Through feed 
Cross feed 

/ J  c 
P) 
L 
L 3 

u 
I 

__  ! I ! -  
t he  t r aces  a re  due t o  t h e  va r i a t ions  i n  current densi ty  a s  the probe passed 
through t h e  ind iv idua l  beams from each acce lera tor  g r id  hole. 
mode has a s l i g h t l y  b e t t e r  ion-current d i s t r i b u t i o n  than  t h e  thrgugh-feed 
mode. 

The cross-feed 

c 

i 
. 3 2 k  

5- .24 t :  c- 

A somewhat d i f f e r e n t  quan t i t a t ive  p i c tu re  of t h e  current-density- 
dj .s t r ibut ion changes with d i f f e r e n t  propellant-introduction modes wa.s gained 
when a s t r i p  of tantalum 0.05 mil l imeter  t h i ck  was fa.stened t o  the  downstream 
face  of t h e  acce lera tor  and covered a row of holes on t h e  horizontal  cen te r l ine  
of t h e  thrus tor .  The un i t  was then operated a t  a constant po in t  f o r  5 t o  
1 0  minutes t o  burn through t h e  t h i n  f o i l ,  The holes rapidly expanded u n t i l  
equilibrium was reached i n  8 t o  10 minutes, 
periods up t o  15 hours with no s ign i f i can t  change i n  the s i z e  of t h e  eroded 
hole. The v a r i a t i o n  of hole s i ze  could be estimated by observation with a 
small te lescope and through decreases i n  impingement-current readings, The 

The condition was then held f o r  

impingement current  reached a 

I l l  
Thrus ior  AodiffcatiAn 

0 

c 

I 

[ 2 

Throu I feed 

ie 3 

nce from ax.- of thrustor ,  cm 

Figure 14. -Var ia t ion of eroded hole diameter 
wi th  radius for through-  and cross-feed 
propellant-introduction modes. 

s t a t i c  leve l ,  which was within a few percent of 
t he  normal acce lera tor  impingement i n  about 
10 minutes. 

In  f igu re  1 4  the  diameters of the  holes 
eroded i n  the  f o i l  by the  ion  beam a r e  p lo t ted  
against  the  dis tances  of t he  holes from the  
ax is  of t h e  thrustor .  This t e s t  was performed 
with the  f i r s t  10-centimeter-diameter t h r u s t o r  
by using both through- and cross-feed propel- 
l a n t  introduction. The net  acce lera t ing  poten- 
t i a l  was 4000 v o l t s  with the  acce lera tor  oper- 
a t ing  a t  -2000 vol ts ;  t h e  beam current  was 
0.125 ampere. A 50-volt ion-chamber po ten t i a l  
d i f fe rence  was used with a magnetic-field 
s t rength  a t  t he  screen of 33 gauss. 

Although t h i s  p lo t  does not represent the  
ion-current dis t r ibut i -on a r r iv ing  a t  the  plane 
of t h e  accelerator ,  usef'ul information can be 
infer red  from it. With a l l  e l e c t r i c a l  and 
physical parameters with t h e  exception of t h e  
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propellant-feed mode held constant, it can probably be assumed t h a t  t h e  
similar-size holes at  a radius  of about 2 centimeters were eroded by qualita- 
t i v e l y  and quant i ta t ive ly  similar ion  streams, If t h i s  t e s t  were t o  be per- 
formed with a t h e o r e t i c a l l y  "perfect" ion-source - accelerator-system combina- 
t ion,  each eroded hole would be of t he  same diameter and would pass t h e  same 
amount of current as  every o ther  hole. The p l o t  then would appear as  a hori- 
zontal  l i ne ,  

Figure 1 4  shows t h a t  t h e  cross-feed u n i t  i s  a b e t t e r  approximation t o  t h i s  
i d e a l  case than t h e  through-feed unit. The reduced hole s i z e  of t he  cross-feed 
u n i t  a t  the  periphery of t he  t h m s t o r  may be due to w a l l  losses  (recombination) 
deplet ing t h e  i o n  a r r i v a l  r a t e  at  this radius, while t h e  hump nea.r t h e  center  
i s  m o s t  probably due t o  unfocused (g rea t e r  t ransverse velocity) ions t h a t  come 
fram the  more energet ic  plasma near t h e  cathode. 

Increasing t h e  diameter of t h e  anode beyond t h e  outer  radius  of t h e  accel-  
e r a t o r  holes should tend t o  increase t h e  current  flow i n  t h i s  area. The de- 
focusing near t h e  axis should be reduced by lowering t h e  ion-chamber po ten t i a l  
difference. 

The var ia t ion  of acce lera tor  impingement with changes i n  propellant-  
introduct ion modes i s  much s m a l l e r  than t h a t  caused by changes i n  e l e c t r i c a l  
parameters such as ne t  accelerat ing and/or acce lera tor  potent ia l .  
of t h e  da ta  ind ica tes  t h a t  t h e  side-feed system had, on t h e  average, a s l i g h t l y  
lower accelerator-impingement current. All da ta  were taken a t  beam-current 
dens i t i e s  at which t h e  d i r e c t  i o n  impingement current  should be in s ign i f i can t  
compared with t h e  charge-exchange ion impingement current  ( ref .  2). Whether 
t he  s l i g h t  decrease i n  t h e  current intercepted by the accelerator  is  due t o  a 
decrease i n  t h e  already s m a l l  d i r e c t  ion-impingement current  o r  t o  a small re-  
duction i n  charge-exchange ion current due t o  a r ed i s t r ibu t ion  of neut ra l s  i n  
the  accelerator  gap cannot be pos i t ive ly  s ta ted.  The important change i s  i n  
t h e  d i s t r ibu t ion  of t h e  impingement current,  which t h e  accelerator-erosion 
measurements ( f ig .  1 4 )  ind ica te  t o  be much more uniform f o r  t h e  side-feed sys- 
tem. The equations of reference 2 ind ica te  t h a t  such increased uniformity 
could increase t h e  l i f e  of t h e  accelerator  g r ids  by as much as  a f a c t o r  of four  
over t h a t  obtained with a through-feed mode. 

Inspection 

CONCLUDING €@MARKS 

Propellant introduct ion at  t h e  periphery of t h e  ion chamber near t h e  plane 
of t h e  screen g r i d  r e s u l t s  i n  improved ion-chamber performance and mare uniform 
acce lera tor  erosion when compared with t h e  conventional through-feed 
propellant-introduction mode. The postulated. mechanisms f o r  t h i s  improved 
chamber performance a re  more rapid ex t rac t ion  of ions formed i n  t h e  region of 
high propellant densi ty  near t h e  periphery of t he  chamber, an improved (more 
uniform) ion  d i s t r i b u t i o n  a r r iv ing  a t  the  screen grid,  and a longer mean neu- 
t r a l  residence time i n  the  chamber due to reduced in i t ia l -propel lan t -ve loc i ty  
components toward t h e  50-percent-open screen grid. The e f f e c t  of t h e  side-feed 
mode of propellant introduct ion on beam-current uniformity (and thus perhaps on 
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t h r u s t o r  acce lera tor  e lectrode du rab i l i t y )  i s  more s ign i f i can t  than the e f f e c t  
on th rus to r  eff ic iency.  

Lewis Research Center, 
Nat i onal Aeronautics and Space A d m i n i  st r a t  i on, 

Cleveland, Ohio, October 13, 1964. 
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APPENDIX - SYMBOLS 

J current,  amp 

PM 

V po ten t i a l ,  v 

AV po ten t i a l  difference,  v 

Subscripts: 

A acce le ra to r  

B beam 

E emission 

F f i l amen t  

I ion  chamber (anode) 

M magnetic f i e l d  

S D  screen d i s t r i b u t o r  

2 magnet power, c o i l  r e s i s t ance  X (J,) 
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N 
0 

Ion- 
chamber 

Potential 
differ- 

TABLE I. - DATA OBTAINED WITH FIRST 10-CENTIMETER-DIAMETER SOURCE 

[Magnet power, PM = 1.4 (JM)2 w; propellant-utilization efficiency, 0.8t0.05; filament Power, 50 w/emitted amp; accelerator potential, -2000 v .  ] 

(a) 0.125-Ampere beam 

Current CUrFent Filament- Ion- Energy Ion- Current Current Filament- Magnetic- 
collected collected emission chamber dissi- chamber collected collected emission field 
by anode, by acceler- current, (net accel- pated potential by anode, by acceler- current, current, 

erating) in dis- differ- J ~ ,  ator, JEJ  JM 9 J,, , ator, JE . 
potential, ' charge ence, amp amp ence, 
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8.0 
7.0 

16.5 !500 574 
577 
570 
592 
537 

I 597 

1 .61  
:.e2 
1.62 
1.75 

2.15 
2.70 

7 -  
A. 5 ;  

4.0 
4.5 
5.0 
6.0 
7.0 
6.0 

3.5 

594 
4 1 . d  

650 
690 1.51 I ;::; 

.0013 

.0013 

.0013 

.0013 

2.5 
2.0 

3.5 

2.45 74.4 

32.5 1.60 
1.62 
1.65 
1.69 

1.32 
1.32 
1.40 
1.42 

32.5 2300 885 75 1-52 
:-:a 
l.5G 
1.62 
1.70 
1.75 

2500 836 
313 
755 
718 6 0  

:.a5 
2.02 2 .I 

2.10 
.^I 

1.65 

I 614 
641 

35 
30 

50 

i 
50 .0015 

.0014 
2.00 3.5 32.5 1 . 3 ~  

: .30 
1.72 

1.67 
1.55 
1.42 

3.5 32.5 2000 
2500 

742 

1.65 

1 1.60 
:.:a 

1 . 4 0  
. I .  _..*a 

590 
586 5000 

4000 40 .0013 
40 :.:7 

1..,3 
1 .62  

.0011 

.0011 

.0010 

1.31 
1.30 

7.0 
6.0 
5.0 
4.5 
4.0 
3.5 
3.0 
2.5 
2.0 

6s.O 
55.7 

4000 462 
466 
47s 
494 
503 
512 
552 
587 
920 

3* .1  520 1.67 
1.70 
1.73 
l.a.5 
1.36 
3.00 

4 1 . S  
46.4  

6 ; .  0 
74 .4  

- -  . ., , 
504 
510 
510 
468 
47 8 

.0014 

.0015 

.0015 

.0015 

5.0 
1.72 
1.65 
1.62 

1.61 
1.58 
1.55 

6.0 
7.0 
3.0 1 1 2.92 18.5 



N 
N 

Current 
c o l l e c t e d  
by anode, 

TABLE I .  - Zoncluded. DATA OBTAINED WITH FIRST lO-CENTIMETER-DIAb?ETER SOURCE 

[Magnet power, Pp,, = 1 . 4  (JM)2 w; p r o p e l l a n t - u t i l i z a t i o n  e f f ic iency ,  0.8f0.05j f i lament  power, 50 w/emitted amp; a c c e l e r a t o r  p o t e n t i a l ,  -2000 v. ] 

( b )  0.25-Ampere bean 

Current 
c o l l e c t e d  

by acce ler -  
T Ion- Current Current Rilament- 

chamber c o l l e c t e d  c o l l e c t e d  m i s s i o n  
P o t e n t i a l  by anode, by acce ler -  c u r r e n t ,  

d i f f e r -  ~ JI, 1 a t o r ,  I JE, 
amp m P  JA J 

AVI 9 amp 

ence, 

V 

chamber 

gauss i VI, 

41.6 
37.1 
32.5 
27.8 

770 
780 
840 
910 

m e r g y  Ion- 
d i a a l -  chamber 
pa ted  p o t e n t i a l  

i n  d ia -  d i f f e r -  
charge ence, 

p e r  beam A V ~ ,  , 

d l s s i -  
pa ted  

i n  dis-  
charge 

p e r  beam 
ion, ' ev/ion 

Through feed  Cross feed  

I 50 

! 
I 

2.98 
2.80 
3.00 
3.20 
3.30 
3.60 
3.60 
3.90 

2.90 
2.98 
3.30 
3.30 
3.55 
3.70 
4.15 

2.90 
3.20 
3.30 
3.38 
3.50 
3.75 
3.78 
4.00 

4000 
65.0 
5 5 . 7  
46.5 
41.8 8 

37.1 
32.5 'jn' 27.6 I 3.75 0.0047 2.85 

3.90 I .0047 I 3.00 
3.90 .0045 3.00 

:::$ I 40r I 730 700 

55.7 730 

8.0 
7.0 
6.0 
5.0 
4.5 
4.0 
3.5 
3.0 

4.5 

1 
4.5 

1 

730 50 
694 
730 
776 
800 
870 
8 90 
950 

V 

8.0 
7.0 

4.5 
4.0 
3.5 
3.0 
2.7 

4.5 

i 
4.5 

3.92 ' .0044 1 3.05 46.5 
41.6 
37.1 
32.5 
27.8 
25.1 

.. 
735 
770 
780 
840 
910 
950 

I 800 
870 
8 90 
950 

V 

4.10 1 .0044 3.25 
4.15 .0042 3.32 
4.45 .0042 3.65 
4.80 .0041 4.05 
5.00 .0041 4.30 

5.00 .0032 

75 4.30 .0046 
70 4.30 .0045 
65 4.60 .0045 
60 4.50 .0045 
55 4.65 ,0044 
50 4.65 ,0044 

41.6 4000 1215 
1135 70 
1130 65 

3.42 .0048 2.50 
3.50 .0046 2.60 

1020 60 
968 55 
880 50 
852 45 

40 
696 
754 50 
785 
800 1 
834 
690 
906 
950 I 

3.60 .0044 2.63 
3.82 .0044 2.90 
4.08 .0043 3.25 
4.30 .0043 3.50 
4.90 .0042 4.22 

45 5.0 .0047 

3.41 .0039 2.69 
3.60 .0040 2.88 
3.70 .0040 2.92 
3.76 __---- 2.92 
3.90 .0042 3.05 
3.95 .0042 3.10 
4.00 .0042 3.15 
4.10 .0042 3.28 

4.42 .0043 
4.70 .0044 
4.78 ,0044 
5.00 .0052 

I 
I 

I 5000 



d i f f e r -  
ence, 

V 

AVI 9 

JL, Ji.1, a t  e r a t ing )  i n  d l s -  
amp 2rr.p screen,  po ten t i a l ,  charge 

a t o r ,  

amp 

UI' JI, a to r ,  JE, JAYlr a t  e r a t ing )  i n  d i s -  d i f f e r -  

gauss ex".& JA 7 
amp amp screen, po ten t i a l ,  charge ence, 

gauss VI, per  beam AV,, 
amp JA' 

i ion 

1 ev/iAn ~ " 1 

1.58 .00090 1.20 5000 581 1.42 .00070 3000 518 
1.39 _ _ _ _ _ _ _  1.15 3500 I 506 _ _ _  - _ _  - 1.05 4000 470 _ _ _  _ _ _  - 1.00 5000 438 



TAIILI.: : T I ,  - DATA OETAINED WITH PO-CEIITIMI~TER-DIAMETE~ SOURCE 

[Magnet power, PM = 0.85 ( J M ) ~  w; prope l l an t -u t ! l l za t ion  e f f i c i ency ,  0.0f-0.0:; f i l m e n t  power, 50 w/ri-.ltted amp; acce le ra to r  p o t e n t i a l ,  -2000 v . ]  

( a )  &air cur ren t ,  0.. 0 a ~ i  c r c  

1' 

I 

655 
620 
597 
571 
537 
515 

I Ion-  Current Current Filament- Magnet!c- K'.?,:net:c- Ion- Energy I o n -  Current Current Filament- Magnetic- Magnetic- 
co l l ec t ed  co l l ec t ed  emlssion f ! e ld  E!eld chamber d im: -  chamber co l l ec t ed  co l l ec t ed  emission f l e l d  f i e l d  
by anode, by acce le r -  cu r ren t ,  cu r ren t ,  s t r e n ~ t h  ( n e t  accel-  pated P o t e n t i a l  by anode, by acce le r -  cu r ren t ,  cu r ren t ,  s t r eng th  

J,.:, ~ ;;,, J" I an'p screen,  p o t e n t i a l ,  charge ence, "I- J,, amp amp sc reen ,  
I a t o r ,  ~ 

ai. ~ e r a t i n g )  ~ i n  d i s -  1 d:i'fer- 1 JI, ~ a t o r ,  1 JE, I JM, 1 a t  JI' 

Ion-  Energy 
chamber 1 d i s s i -  1 
e r a t i n g )  i n  d i s -  

( n e t  accel-  pated 

p o t e n t i a l ,  CharRe 
t, 

amp 
gauss I VI, per  beam 1 AVI, ' 

ev/ i& 1 on 
i gauss 1 VI, per  beam 

i o n  
ev&n 

Through feed ;:de fced 

0.0043 
.0041 
.0039 
,0037 
,0035 
.0035 
.0033 

1 
.0034 
.0034 
.0033 
,0033 
.0033 
,0032 
.0032 
.0031 
.0032 

.0038 
,0036 
,0034 
,0032 
.0031 
,0031 
,0031 

.0090 
,0070 
,0053 
.0050 
.0048 
.0047 
.0046 __ 

4.50 
4.52 
4.45 
4.35 
4.45 
4.40 
4.65 
4.85 
5.50 
6.90 

3.40 
3.52 

4.10 
4.40 
4.70 
5.50 
6.60 
8.40 

5.40 
5.10 
4.70 
4.45 
4.40 
4.10 

3.80 

3.88 

4.20 
4.40 
4.80 
5.10 
5.45 

22.5 
20.0 1 17.5 
15.0 
12.5 
11.3 
10.0 
8 .8  
7.5 
6 . 3  

12.5 

I 
v 

12.5 

t 

12.5 

I 
I 

530 
540 
5 3: 
535 
54s 
550 
580 
6 10 
680 
840 

679 
649 
612 
587 
550 
512 
49G 
497 
492 

678 
6 35 
585 
562 
550 
517 
478 

780 
719 
682 
640 
594 
576 
560 

50 

I 
1 

70 
65 
GO 
55 
50 
45 
40 
35 
30 

5r j 

'I 

65 
G O  
5 5 
50 
45 
40 
35 

6.15 0.0040 
5.60 .004G 

~ ! .0042 .0039 
5.10 .0038 

565 

465 
460 
458 
465 
475 

630 

532 
507 
480 
462 
450 
432 
436 
448 
468 

555 
495 
479 
460 
450 
440 
400 

556 
564 
572 
550 
535 
520 
511 

_-_ 

3.80 
3.85 
3.70 
3.90 
3.95 

6.00 
6.30 
6.60 
7.30 
8.90 

5.35 
5.49 
5.60 
5.83 
6.00 
6.18 
6.70 
7.60 
8.70 

7.28 
6.85 
6.35 
6.12 
6.00 
5.67 
5.28 

6.08 .0036 

5.65 

2.85 
3.05 
3.15 
3.40 
3.80 
4.30 
5.10 
6.40 
8.70 

4.60 
4.15 
4.00 
4.00 
3.80 
3.65 
3.38 

3.15 
3.65 
4.05 
4.42 
4.90 
5.80 
6.90 

70 
65 
60 
55 
50 
45 

4.30 .0035 
4.40 .0035 
4.50 .0035 
4.70 .0034 
5.00 .0033 
5.30 .0034 
5.95 ,0033 
6.90 .0033 
8.30 .0033 

40 
35 
30 

50 

1 
65 
60 
55 
50 
45 
40 

6.05 _----- 
5.45 .0037 
5.29 .0035 
5.10 .0033 
5.00 .0032 
4.90 .0032 
4.50 .0032 

6.50 
G.50 
6.70 
6.90 
7.10 

4.78 .0050 
5.20 .0053 
5.70 .0052 
6.00 .0052 
6.45 .0050 
7.00 .004 8 
7.80 .0045 

6.30 
7.50 -- 

7.70 
35 8.50 

(b) Beam cur ren t ,  0 . 7  l ' . p e r ~  

T- n I i T 10.7 0.0240 

10.4 ,0130 
1 0 . 6  ,0120 
10.8 ,0120 

.0115 
11.6 
12.2 
13.9 

10.3 1 .oleo 
8 . 4  
7.9 
7 . 5  

2:.  . O  
22. -. 

~ 20.0 
17.: 
1' . o  
12.:. 
11.3 

664 
637 
643 
656 
670 
684 

11.0 
10.3 

9.6 
9.4 
9.3 

0.020: 
,0170 
.0130 
.0130 

8.8 
7.8 
7 . 1  
6.9 

25.0 I :E:: 
20.0 
18.0 

' 12.0 
10.0 

9.0 
8 . 0  

20.0 

16.0 
8:o 
8 . 0  
8 . 1  
8.5 
9.0 

10.4 

14.0 1 17.5 577 
570 .0122 

.0118 
6.8 12.0 

10.0 
9.0 
8.0 
7 .0  
6.0 

15.0 
12.5 

~ 11 .3  
10.0 
8.8 
7 . 5  

9.2 
9.5 

6.8 
7.4 
8 . 0  
9.5 

12.7 

565 
583 

~ 630 
710 

J 923 

I 723 
764 
876 

. 0 l l 3  

.0113 

.0112 -. 0108 

10.0 
8.8 

14.4 

10.2 
11.4 
14.6 

8 .1  
8.3 
8.5 

i. 
4000 

7.0 

11.5 
I 

9.5 .0133 
9.6 ,0138 

6 . 0  
6 . 3  
6 .8  
7 .5 
7.7 
8.5 
9.3 

10.8 

817 
766 
7 40 
715 
650 

70 
65 
GO 
55 
50 
45 
40 
35 

.0115 

.0114 
,0112 

5 .4  
5.5 

11.5 

I 
14.4 

~ 60 
55 
50 
45 
40 
32 

40 
40 

6.0 
6.4 
6 .9  
7.5 
8.6 

10.8 

8.9 ,0111 
,0111 
.0107 
.0105 
.0103 

615 
574 
497 

9.3 
9.7 

10.4 
12.0 

v 
11.5 
11.5 

c 
14.4 
16 .4  

i 
4000 
3600 

t 

11.5 

i 
14.4 

I 

11.5 .0133 
12.5 ,0178 

9.3 
10.3 

574 
627 40 11.6 .0109 9.9 

I 11.1 .0105 9.3 
,0102 8.9 
.0099 8.5 
.003b 8 .1  

~~ ~~~ 



“The aeronautical and space activities of the United States shall be 
conducted so as to  contribute . . . to the expansion of human knowl- 
edge o f  phenomena in the atmosphere and spare. T h e  Administration 
shall provide for the widest practicable and appropriate dissemination 
o f  information concerning its actiriities and the results thereof .” 
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